The validity of hybrid and nonlocal DFT methods are tested on examples of systems which are difficult to model by way of quantum chemistry techniques. The electron affinities for the oxygen and fluorine atoms were calculated. The exothermicity, the barrier for the fluorine atom reaction with the hydrogen molecule, and the energy of the H-F bond and its distance were computed with DFT methods, as well as, with ROHF, MPn, and QCISD͑T͒ ab initio methods. The computations were performed by using various basis sets, with 6-311ϩϩG (3d f ,3pd) as the largest. The obtained results are compared with the experimental values. The results of the Becke3LYP hybrid method is in qualitative agreement with experimental results and in the majority of the cases reassembles the high cost QCISD͑T͒ calculation results. Considering the modest computational cost for DFT methods, Becke3LYP/6-311ϩG(2d,2p) is suggested as the standard theory model for computation, and Becke3LYP/6-311ϩϩG(3d f ,3pd) as the model for generating highly accurate results. They should be applicable to relatively sizable chemical systems.
INTRODUCTION
DFT methods 1 are computationally less expensive than the current correlated techniques of ab initio quantum chemistry. 2 It was shown that local density approximation ͑LDA͒ results for the energetics of atoms and molecules are dramatically improved when the density gradient correlations are included. 3 In comparison with the experimental thermochemical data, the average error is 3.7 kcal/mol, relatively close to 1.6 kcal/mol when obtained with the G1 procedure. 3 The hybrid of Hartree-Fock ͑HF͒ and DFT methods seem to further reduce the difference between the calculated and experimental energies and geometries. The hybrid methods ͑Becke3LYP͒, developed by Gill, Johnson, Pople, and Frisch, combined the nonlocal exchange functional by Becke 4 and nonlocal correlation functional of Lee, Yang, and Parr ͑LYP͒ 5 in combination with the self-consistent field ͑SCF͒ HF densities. We have applied this and other hybrid DFT methods for the computation of structures that require a high level of correlated ab initio techniques. The structural parameters and energies for the nitric oxide dimer, 6 nitrogen oxides, 7 sulfur-fluoride, 8 nitrogen-fluoride, 9 and oxygen-fluoride 10 compounds are almost indistinguishable from the experimental results. We have also used these methods for modeling the transition state structures in fluorine rearrangement reactions 8 and Diels-Alder reactions. 11 The obtained activation energies are very close to those obtained experimentally. In fact, the accuracy in predicting activation energies has encouraged us to seek the possibility of applying the hybrid DFT methods to large organic molecules. Presently, the computational capabilities are still insufficient to efficiently perform full DFT optimization of sizable organic molecules with large basis sets. We have demonstrated that the single point hybrid DFT calculations on AM1 optimized geometries produce activation energies of the DielsAlder reactions that are 1-3 kcal away from the experimental results. 12 The motivation for this paper is twofold. First, although DFT calculations are becoming a very popular tool for the computational chemist excluding ourselves, there are not very many studies which use the hybrid DFT methods for solving systems which are difficult by using quantum chemistry methods. Furthermore, this approach should be valuable for the study of energetic heterocyclic compounds that contain many electronegative atoms such as N, O, S, and F. In their decomposition reactions, the fluorine radical formation and the hydrogen abstraction reactions are highly possible. To evaluate the suitability of the hybrid DFT methods for studying these systems, we have computed the electron affinities for F and N, and the activation barrier and exothermicity for FϩH 2 →HFϩH. The ab initio computation of these properties was performed previously by Scuseria.
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COMPUTATIONAL METHODS
All of the calculations were performed with the GAUSS-IAN 92 14 implementation of the density functional theory. The optimizations were performed without any geometric restrictions, except in the case of the linear transition state structure, using the default Gaussian convergence criteria. The local spin density approximation ͑LDSA͒ calculations were performed with the functional included in GAUSSIAN 19 and QCISDT 20 were used implementing the standard Gaussian basis sets ͓6-31ϩG(d, p), 6-311ϩG(2d,2p), and 6-311ϩϩG(3d f ,3pd)͔. 21 The search for the transition state structures and their verification 22 was performed as described previously. 23 The initial optimization with GAUSSIAN was performed with ''rhf sto-3G test optϭ͑ef,ts,calcfc͒ scf ϭdirect'' to obtain one imaginary frequency. After the first cycle, the optimization was aborted, and the input file was modified to the ''DFT or ab initio method 6-31ϩG(d,p) test optϭ͑ef,ts,readfc͒ scfϭdirect'' while keeping the file name constant and linking calculations in the chain with ''--link1--'' command.
RESULTS AND DISCUSSION
To validate the comparison between different ab initio and DFT methods, all calculations were performed with the same three different basis sets. First, we investigated the electron affinity ͑E.A.͒ of the oxygen atom ͑Table I͒. It is known that SCF-HF ab initio 13 methods do not produce ac- ceptable results and that the CCSD͑T͒ considerably improves the computational results. It was also determined that BLYP 24 calculations overestimate the energy, if compared with the experimental value ͑1.46 eV͒. 25 All our HF calculations predict negative electron affinities ͑around Ϫ0.6 eV͒. The local spin density approximation ͑LSDA͒ produced results that overestimate the electron affinity by 1 eV ͑Table I͒. Both BHandH hybrid DFT methods compute E.A. values that are much closer to the experimental value. The best results were obtained with DFT methods by using the Becke3LYP hybrid ͓Becke3LYP/6-31ϩG(d, p)͔ DFT model. There is considerable basis set dependence. Thus 3-21G*, 6-31G(d), and 6-31G(d, p) do not produce satisfactory results. Polarization functional must be present. With Becke3LYP/6-31ϩG(d, p), the total energy for the oxygen radical agrees to four digits while, the oxygen anion agrees to three digits. The predicted electron affinity is 0.16 eV different than the experimental value ͑Table I͒. These results are better than any ab initio method ͑HF, MPn, and QCISD͒ used in this study. The nonlocal ͑BLYP and BP86͒ DFT methods overestimate the E.A., but results are still better than HF and are comparable in quality to the MPn ab initio calculations.
Even better DFT results are obtained when the fluorine electron affinity and energy of the H-F bond is computed ͑Table II͒. The HF calculations produce results that are unacceptable. The computed electron affinity is more than 2 eV below the experimental value. Almost the same value for the LSDA local DFT method overestimates the electron affinity. Every other DFT method had shown considerable improvement over HF and LSDA computed results. The best agreement of total energies for the fluorine radical and anion is again obtained with the Becke3LYP/6-31ϩG(d,p) theory model. The obtained electron affinity of the F atom differs by only 0.11 eV from the experimental value. A slightly better agreement was gained with the larger basis set ͓6-311ϩ ϩG(3d f ,3pd)͔. The calculated E.A. differs by a mere 0.06 eV from the experimental value. It is interesting to point out that the second hybrid DFT method with the P86 correlation functional ͑Becke3P86͒ produces energies that are considerably higher than the experimental values. That is also observed with the nonlocal DFT methods ͑Table II͒. To obtain satisfactory results with the ab initio methods, very large basis sets and an extensive electron correlation is necessary. To our surprise, the best computed E.A. was achieved by the MP2 ab initio method. Other methods that include higher correlation treatment like QCISD͑T͒ with extended basis sets like 6-311ϩϩG(3d f ,3pd) produce worse E.A. than BLYP or MP2 calculations.
There are many systems where electron correlation is essential for an accurate prediction. One that attracts significant attention is the hydrogen fluoride. Clearly, noncorrelated methods like HF and LSDA cannot handle this system ͑Table II͒ and all DFT methods that include electron correlation produce better results. The ab initio methods that incorporate electron correlation ͑MPn and QCISD͒ show significant basis set dependence. Thus the calculated H-F bond energy is increased by about 4 kcal/mol going from 6-31ϩG(d,p) and 6-311ϩϩG(2d,2p) to 6-311ϩϩG(3d f ,3pd). This basis set dependence is considerably lower for the DFT methods. Here again, a satisfied bond distance and H-F bond energy are computed with the Becke3LYP hybrid method, particularly with the Becke3LYP/6-311ϩϩG(3d f ,3pd) model. The bond distance is 0.005 Å longer and H-F bond energy is 1.24 kcal/mol higher than the experimental values. 26 An excellent H-F bond energy was computed with the BLYP nonlocal DFT methods regardless of the basis sets, but the predicted bond distance is too long ͑Table I͒. The DFT methods that have P86 nonlocal correctional ͑Becke3P86 and BP86͒ produce too long H-F bonds and too high H-F energies. As mentioned above, all ab initio methods are basis set sensitive and will be discussed accordingly. The best results were obtained with MP2/6-311ϩG(2d,2p) and QCISD͑T͒/6-311ϩ ϩG(3d f ,3pd). Again, by using smaller or larger basis sets, the obtained results are worse than that obtained by the Becke3LYP methods. Nevertheless, it can be stated that the ab initio methods with electron correlation and large basis set are necessary for an accurate prediction of the H-F properties. Similar predictions can be obtained by using the Becke3LYP hybrid DFT method ͑Table II͒.
We next turn to the computation of classical barrier height and exothermicity of the FϩH 2 aHFϩH reaction ͑Table III͒. The computed heat of the reaction with LSDA is overestimated by around 17 kcal/mol. Again, for almost an identical value, the ROHF underestimates the exothermicity of the reaction that is experimentally determined to be 31.7 kcal/mol. 27 Every other DFT method ͑hybrid and nonlocal͒ generates heat of the reaction that is a major improvement over both ROHF and MP2 ab initio calculations. Surprisingly, the MP2/6-311ϩϩG(3d f ,3pd) computes exothermicity that is 9.55 kcal/mol higher than the experimental value. The hybrid Becke3LYP/6-311ϩϩG(3d f ,3pd) and Becke3P86/6-311ϩϩG(3d f ,3pd) DFT models computes an exothermicity of 29.82 and 31.83 kcal/mol, respectively. The obtained values are very close to the QCISD͑T͒ calculations with using 6-311ϩG(2d,2p) and 6-311ϩϩG(3d f ,3pd) basis sets ͑Table III͒.
There is a considerable problem using the DFT method to search and optimize transition state structures for the FϩH 2 aHFϩH reaction. For example, our attempt to find and optimize the transition state structure with the local spin density approximation ͑LSDA͒ was unsuccessful, even if an already optimized transition state structure with any of the ab initio and DFT methods presented here was used as a beginning structure. In contrast to the ab initio methods, the procedure is straight forward. Because the QCISD͑T͒ ab initio method predicts a linear transition state structure, all other calculations were performed with restricting the H-H-F angle to 180°͑Table III͒. The computed bond distances with the ab initio and DFT methods are quite different. For example, all DFT methods predict a longer H-F bond ͑2.8 -3.0 Å͒, contrary to the ab initio calculations: ROH ͑1.18͒, MP2 ͑ϳ1.4 Å͒, and QCISD͑T͒ ͑ϳ1.5 Å͒. ROHF calculations that estimate the activation barrier to be almost 30 times higher than the best theoretical estimate employing a linear transition state ͑ϳ2.0 kcal/mol͒. 28 All of the DFT calculations ͑hy-brid and nonlocal͒ estimate the activation energy to be barely above 0 kcal/mol ͑Table III͒, which is closer to the previously estimated barrier. 28 On the other hand, the MP2 calculations generate higher energy. To obtain ϳ2.0 kcal/mol of activation energy, the computation with QCISD͑T͒ and the large basis set, such as 6-311ϩϩG(3d f ,3pd) is required.
Another important question in the FϩH 2 →HFϩH problem is whether the transition state structure is linear or bent ͑Table IV͒. Assuming that the bond distances are obtained with the highest theory level, the QCISD͑T͒/6-311ϩ ϩG(3d f ,3pd) is also the most accurate. The single point DFT calculations on this geometry with variation of the F-H-H angle was performed. The potential energy surface for all calculations is very shallow, indicating the reason why the DFT methods have convergence problems. The angle for minimum energy varies from method to method; however, for the Becke3LYP and Becke3P86, it is between 100°-115°. This approach was previously employed by Scuseria 24 on the linear transition state geometry obtained by CCSD͑T͒ and [5s5p3d2 f 1g/4s3p2d1 f ] basis sets. This calculation generates transition state structures ͑r HF ϭ2.913 and r HH ϭ1.445 Å͒ that are substantially different than our ab initio and DFT calculations. Full optimization of the transition state structures ͑Table V͒ indicates a deviation from linearity. Only the ROHF methods predict an almost linear transition structure. The shallow depth of the potential around the transition structures is perfectly demonstrated with almost identical activation energies calculated for linear ͑Table III͒ and bent ͑Table V͒ transition state structures.
CONCLUSION
Considering the examples that are difficult to solve by ab initio methods, it was demonstrated that the hybrid DFT methods, particularly Becke3LYP, produce geometries, energies, and electron affinities that are better than RHOF, MP2, MP3, and even MP4 calculations. In most of the studies, the obtained results can be compared to the QCISD͑T͒ values. Although hybrid DFT methods show lower sensitivity toward chosen basis set, it was demonstrated that the calculation with lower basis sets, 6-31ϩG(d,p), produce satisfactory results that are in excellent agreement with 6-311 ϩG(2d,2p), and with 6-311ϩϩG(3d f ,3pd). We suggest the calculations with Becke3LYP/6-311ϩG(2d,2p) to be a theoretical model that should be accepted as the standard. The nonlocal DFT methods similar to the MPn ab initio HFϩH calculated by using 6-311ϩϩG(3d f ,3pd ) basis set. E I ϭBHandH; E II ϭBHandHLYP; E III ϭBecke3LYP; E IV ϭBecke3P86; E V ϭBLYP; E VI ϭBP86. methods, tend to overestimate electron correlations and produce longer bonds and lower energies. The question of linear or bent transition state structures for fluorine radical displacement of the hydrogen radical is addressed. While ROHF and QCISD͑T͒ prefer linear or nearly linear transition state structures, the hybrid and nonlocal DFT methods prefer a bent transition state structure with a FHH angle of 152°-167°. On the basis of the presented results, the Becke3LYP/ 6-311ϩG(3d f ,3pd) theoretical model should produce the same quality of results as do most of the sophisticated quantum chemistry techniques. Due to modest computational cost, Becke3LYP can be applicable to large molecular systems. This should be especially applicable for the study of the decomposition of the energetic molecules with many polar bonds and possible radical degradation pathways. 
